The greatest impediment to extracting high-quality fetal signals from fetal magnetocardiography (fMCG) is environmental magnetic noise, which may have peak-to-peak intensity comparable to fetal QRS amplitude. Being an unstructured Gaussian signal with large disturbances at specific frequencies, ambient field noise can be reduced with hardware-based approaches and/or with software algorithms that digitally filter magnetocardiographic recordings. At present, no systematic evaluation of filters' performances on shielded and unshielded fMCG is available. We designed high-pass and low-pass Chebychev II-type filters with zero-phase and stable impulse response; the most commonly used band-pass filters were implemented combining high-pass and low-pass filters. The achieved ambient noise reduction in shielded and unshielded recordings was quantified, and the corresponding signal-to-noise ratio (SNR) and signal-to-distortion ratio (SDR) of the retrieved fetal signals was evaluated. The study regarded 66 fMCG datasets at different gestational ages (22-37 weeks). Since the spectral structures of shielded and unshielded magnetic noise were very similar, we concluded that the same filter setting might be applied to both conditions. Band-pass filters (1.0-100 Hz) and (2.0-100 Hz) provided the best combinations of fetal signal detection rates, SNR and SDR; however, the former should be preferred in the case of arrhythmic fetuses, which might present spectral components below 2 Hz.
Introduction
Fetal magnetocardiography (fMCG) is a non-invasive technique that allows the monitoring of the fetal heart function (Peters et al 2001 , Lewis 2003 . Since Kariniemi recorded the first magnetogram of a fetal heart in 1974 (Kariniemi et al 1974) , fMCG has undergone increasing validation as a clinically useful method for the early diagnosis of several cardiac dysfunctions in the fetus (Van Leuween et al 1999 , 2004b , Grimm et al 2003b , Anastasiadis et al 2003 , Menendez et al 2000 , Hosono et al 2002a , 2002b , Wakai et al 2000a , Kotini et al 2001 , Kähler et al 2002 , Lowery et al 2003 , Sturm et al 2004 , Li et al 2004 , Comani et al 2004a . Fetal magnetocardiography is particularly effective during the second half of gestation, when the vernix caseosa usually prevents an adequate detection of the electrophysiological activity of the fetal heart performed with fetal electrocardiography (fECG) or cardiotocography (CTG) (Peters et al 2001 , Lewis 2003 , Taylor et al 2003 , Stinstra and Peters 2002 , Wakai et al 2000b .
Unfortunately, two other signals, related to maternal cardiac activity and environmental magnetic noise, are simultaneously recorded during fMCG. The maternal signal, which is typically one order of magnitude higher than the fetal one and has a longer duration, can be eliminated from the majority of fMCG recordings using various mathematical procedures based on the lack of correlation between the fetal and the maternal cardiac activity (Abraham-Fuchs et al 1990 , Chen et al 2001 , Comani et al 2004d . Conversely, ambient field noise is an unstructured Gaussian signal with some large peaks at specific frequencies that may change from one site to another; moreover, its peak-to-peak intensity is often comparable to or larger than that of fetal signals, especially during early gestation and in hospital settings with high magnetic disturbances (Comani et al 2004d , Brisinda et al 2005 .
For these reasons, several hardware-based techniques have been tried to reduce the large amount of ambient noise during fMCG acquisitions; magnetically shielded rooms are probably the most effective among these methods, but are very expensive and generally not ideal for the routine clinical use of fMCG; moreover, some residual noise contamination may remain in the recordings (Volegov et al 2004 , Hilgenfeld et al 2003 , Della Penna et al 2000 . As a consequence, although a great effort is made to develop biomagnetic instrumentation that can record fMCG with reduced noise interference in an unshielded environment, the use of digital filters remains the most efficient and common procedure to decrease the amount of ambient field noise present in the fMCG recordings (Volegov et al 2004 , Hilgenfeld et al 2003 .
The research groups working in fMCG have tried a variety of band-pass filters to improve the performances of data processing techniques for fetal signal retrieval: some investigators use wide bands, which preserve the original signals but attain a limited noise attenuation, others use narrow bands that enhance noise reduction but may alter the signal wave form. In order to avoid signal distortion and concurrently improve signal-to-noise ratio (SNR), fMCG recordings are generally filtered with large frequency bands, and the extracted fetal signals are averaged; however, the use of averaged beats prevents the analysis of the evolution of fetal cardiac activity over time, with the consequent loss of important physiological information (Comani et al 2005a) . An optimal band-pass filter setting, allowing the retrieval of highquality fetal traces, has not been identified so far. To our knowledge, only one empirical study dedicated to fMCG has been performed, and the best filter was identified on the basis of visual inspection of only two fetal traces, without any estimation of the spectral structure of fetal signals and noise (Stinstra et al 2000) .
In previous studies, we have demonstrated that independent component analysis (ICA) could be efficiently applied to fMCG to reconstruct reliable fetal traces affected by negligible noise contamination (Comani et al 2004a , 2004b , 2004c , 2004d , 2005c , 2005b , Brisinda et al 2005 , Mantini et al 2004 . However, the effectiveness of ICA is highly dependent on the signal-to-noise ratio of input recordings, as it is particularly evident when fMCG recorded in an unshielded hospital setting is processed: the high level of ambient noise, in fact, may impede the extraction of dependable fetal magnetocardiograms for fetuses of less than 30 weeks (Brisinda et al 2005) . Although ICA can be considered one of the most efficient methods presently available to reconstruct reliable fetal signals, a careful and dedicated filtering of fMCG recordings is mandatory to improve the performances of ICA and of any other method used to retrieve fetal cardiac signals, and to lower the minimum gestational age at which fMCG can be successfully used in a hospital setting.
In this paper, we present a comparative study to assess the best filter configuration for fMCG preprocessing. The design specification parameters of the zero-phase high-pass and low-pass infinite impulse response (IIR) filters with stable impulse response are described; several high-pass and low-pass filters were tested, and their parameters were selected on the basis of the comparison between the frequency content of fetal signals and the spectral characteristics of shielded and unshielded ambient noise.
All filters were used to de-noise the original fMCG datasets, from which fetal signals were extracted; the power spectral density (PSD) of these signals was compared with that of shielded and unshielded ambient noise for different frequency ranges, in order to evaluate the noise reduction and concurrent loss of fetal signal information due to each filter. Finally, the most commonly used band-pass filters were implemented combining high-pass and low-pass filters, and their performances were investigated in the function of fetal signal detection rate, fetal signal quality and wave form distortion, which were quantified in terms of signal-to-noise ratio and signal-to-distortion ratio.
Materials and methods
This study was performed using three different types of datasets:
(1) measurements of shielded ambient noise, performed inside a shielded room; (2) measurements of unshielded ambient noise, performed in the same site but with the shielded room that was not operational; (3) fMCG measurements performed inside a shielded room; 66 datasets referring to fetuses of uncomplicated pregnancies (gestational age ranging from 22 to 37 weeks) were provided. All women participating in the study gave their written informed consent before fMCG acquisition.
Data acquisition
A multi-channel system with sensors consisting of low-temperature dc-SQUIDs integrated magnetometers having a sensitivity of approximately 5 fT Hz −1/2 above 60 Hz were used for all acquisitions, which lasted 5 to 10 min (Della Penna et al 2000) . The acquisition channels were arranged in planar geometry at fixed distances of 32 mm and covered a circular area of 415 cm 2 . Signals were sampled at 1 kHz, then converted into digital form and filtered between 0.016 Hz and 250 Hz; each acquisition provided a dataset of 55 simultaneous recordings.
Filters design
The digital filters most commonly used to process fMCG recordings are infinite impulse response (IIR) filters. Given a set of input values x(t), a generic IIR filter generates an impulse response y(t) of the following form: where K is an integer number that corresponds to the filter order, and permits to define the region of support of a k and b k . The filter system function H (z) corresponds to the rational z-transform of y(t), which is given by
Filter attenuation A(ω), given in decibel (dB), is defined as
for H (jω) = H (z), with z = e jω . The selection of filter characteristics depends on the attenuation required for the stop-band, and on the expected filter stability and behaviour of the pass-band. The design specification parameters of the system function H (z) were implemented by means of a Chebychev II-type filter, also known as inverse Chebychev filter, because it displays maximum flat behaviour in the pass-band and an equiripple behaviour in the stop-band. The high-pass and low-pass filters might have different orders, because the impulse response of the Chebychev filter is different at different frequencies. For each filter, we selected the maximum order ensuring stability; in general, high-pass filters had a low order, with a low value of the ratio between cut-off and sampling frequencies, whereas low-pass filters had high order (see table 1 ). The band-pass filters were designed combining high-pass and low-pass filters; in this manner, we attained strong attenuation for high frequencies, which were more evident in unshielded magnetic noise. Moreover, forward and backward digital filtering was performed, with resulting zero-phase distortion and double attenuation (Mitra and Kaiser 1993) .
Since the values of the filter characteristics depend on the spectral features of fetal signals and background noise, high-pass cut-off frequencies were selected at 0.4, 1, 1.5 and 2 Hz, and low-pass cut-off frequencies were chosen at 70, 80, 100 and 150 Hz; band-pass filters between (0.4-150 Hz), (1.0-80 Hz), (1.0-100 Hz) and (2.0-100 Hz), usually employed in fMCG data processing, were analysed.
Filter performances
The performance of each filter was evaluated on all collected datasets: shielded ambient noise, unshielded ambient noise and fMCG measurements. Each high-pass, low-pass and band-pass filter was applied to the mentioned datasets; in the case of fMCG recordings, ICA was used to separate fetal source signals with the correct intensity and polarity from original measurements by weighted summation of the components related to fetal cardiac activity, where weights were associated with information embedded in raw fMCG and provided automatically by ICA (Comani et al 2004b , 2004c , 2004d , Mantini et al 2004 , Hyvärinen 1999 , Hyvärinen and Oja 2000 . A smoothing procedure, based on a Kaiser filter and excluding QRS complexes, could eventually be used to reduce residual high frequency noise that might hinder clear detection of P and T waves (Comani et al 2004c (Comani et al , 2004d .
2.3.1. Power spectral density. The quantification of power spectral density (PSD) was performed to assess the effectiveness of filtering in terms of large noise reduction and small signal alteration. The amount of residual signal power after high-pass or low-pass filtering was calculated for the three different types of signal datasets, and, for each filter and dataset, the PSD of the filtered signal was related to its value in the acquisition bandwidth, with the consequent computation of per cent values. The PSD reduction associated with different band-pass filters could be inferred from the values obtained for the corresponding high-and low-pass filters.
The results related to fMCG recordings were obtained for single fetuses, and subsequently grouped for gestational periods and were summarized as averages.
Characteristics of fetal signals retrieved from filtered datasets.
The performances of the band-pass filters most commonly used were also estimated on the basis of the main features of the fetal signals obtained from filtered fMCG datasets. Several quantitative parameters were calculated, the first being the detection rate, defined as the per cent value of the ratio between the number of reconstructed fetal traces and the number of available fMCG datasets.
The efficacy of the band-pass filters could be estimated from the signal-to-noise ratios of fetal signals; for each fetus, SNR, expressed in dB, was calculated as
where σ s was the variance of the fetal signal s(t) and σ n expressed the variance of noise. Another parameter, called fetal-to-noise ratio (FNR), was calculated for each band-pass filter; it expressed the ratio between the PSD of the fetal signal obtained from the filtered fMCG and the PSD of noise, either shielded or unshielded, in the frequency range of the band-pass. Both SNR and FNR were calculated for each fMCG dataset, and, for each band-pass filter, average figures were grouped in gestational periods.
Finally, the wave form distortion induced in a fetal signal s(t) by the fact that it was retrieved from a filtered dataset was quantified by calculating the signal-to-distortion ratio of s(t). SDR, given in dB, was obtained after comparing the shape of the average beat of s(t) with the wave form of the average beat of the signal r(t) reconstructed from the raw dataset; SDR was defined as follows:
where σ d was the variance of the signal d(t) = s(t) − r(t). The average r(t) cycle was reconstructed using the R peaks of s(t) as triggers. High values of SDR indicated a negligible distortion of retrieved fetal traces. Also the results obtained for SNR and FNR were presented as averages grouped in gestational periods.
Results
The analysis of shielded and unshielded background magnetic noise demonstrated that, on average, unshielded ambient noise was one order of magnitude higher than shielded noise, as expected from the attenuation level of the shielding room. Moreover, both noises were not simply Gaussian; in fact, their spectra were not flat, but there was a large percentage of energy concentrated below 5 Hz, and some peaks at well-defined frequencies, generally greater than 70 Hz and more evident for unshielded recordings (see figure 1) . On the other hand, the analysis of fetal signals demonstrated that their frequency content was mostly between 5 and 50 Hz. This was also the case for signals retrieved from fMCG acquisitions for which noise intensity was larger than the fetal cardiac activity, but with a FNR value greater than −3 dB. Figure 1 provides an example of a cardiac signal reconstructed for a fetus at 31 weeks with the described procedure, and the related spectrum. The average PSD figures of shielded and unshielded noise are given in table 2; they are grouped for different frequency ranges, and their per cent values are also provided. Similar information regarding fetal signals is summarized in table 3. Noise PSD reduction in the bands (0.4-150 Hz), (1.0-80 Hz), (1.0-100 Hz) and (2.0-100 Hz) could be inferred from the values reported for high and low-pass filters, and it was respectively 4%, 9%, 8.2%, 12.1% for a shielded ambient and 8%, 12.4%, 11.3%, 13% for an unshielded environment. Conversely, the corresponding loss of fetal signal PSD was always less than 1.5% with respect to its value in the recording bandwidth. Therefore, all the filters efficiently reduced noise while leaving the cardiac signals almost unaltered. Figure 2 gives an example of the effect of the various band-pass filters on an fMCG recording of a fetus at 33 weeks.
The results of the quantitative study on the performances of the band-pass filters are given in table 4; the values obtained for FNR (in shielded and unshielded environments), SNR and SDR are shown for increasing gestational age. The SNR of fetal signals extracted from filtered fMCG were always above 7 dB, except for the group of fetal signals below 25 weeks and retrieved from datasets processed with the band-pass (0.4-150 Hz); this filter was, in general, the least effective to reduce noise (5.7 dB < SNR < 10.7 dB) and had the worst detection rate before 32 weeks, but it guaranteed the best performance in terms of signal distortion (SDR 41.5 dB). The strongest de-noising was achieved with the filter (1.0-80 Hz), which provided SNR between 7.6 and 13.6 dB; however, it caused some wave form distortion (SDR 26.5 dB). Table 4 . Quantitative evaluation of the most commonly used band-pass filters. The fetal-to-noise ratio (FNR, given in dB) was calculated for fMCG datasets grouped in gestational periods (number of datasets in parentheses) and with respect to shielded and unshielded environments. Generally, reliable fetal signals could be extracted from recordings with at least −3 dB FNR. For each gestational period, the average detection rate, SNR and SDR of the reconstructed fetal signals are given. The detection rates are given as the number of fetal traces that could be retrieved from the available datasets, with respect to which the per cent values in parentheses were calculated. SNR and SDR are expressed in dB.
Gestational age in weeks (number of available datasets) Frequency range (Hz) 22-25 (13) Conversely, the band-pass filters (1.0-100 Hz) and (2.0-100 Hz) produced very little wave-form distortion (SDR 30 dB) and concurrently ensured substantial noise reduction (7 dB < SNR < 12.3 dB) with a high percentage of fetal signal power preserved after filtering (PSD 98.9%). Moreover, their detection rates were the best among all the band-pass filters analysed. Figure 3 allows appreciation of the effect of all band-pass filters on the fetal traces shown in figure 2.
Discussion
During the last decade, fMCG has received increasing attention from scientists working in prenatal medicine because, after appropriate processing, it allows the monitoring of the electrophysiological development of the fetal heart through the qualitative evaluation of fetal cardiac signals and the assessment of quantitative parameters.
The development of new acquisition systems working in an unshielded environment and/or suitable for bedside recordings in a hospital setting (Budnyk et al 2004 , Nomura et al 2004 , Weis et al 2004 implies that the experimental stage, when data acquisition and analysis procedures are developed and tested in research laboratories, evolves to the point when they are assessed for clinical use. Some standardization has already been proposed for fMCG acquisition parameters (Grimm et al 2003a) ; in a similar way, the homogenization of the techniques used to process fMCG recordings would favour the comparability of fetal cardiac signals obtained with different devices, therefore approaching a larger clinical exploitation of fMCG.
From this perspective, the assessment of an optimal fMCG de-noising should be regarded as the first step. While maternal cardiac contamination can be eliminated rather easily from fMCG recordings, environmental magnetic noise, being an unstructured and uncorrelated signal, cannot; however, its reduction is extremely important to improve the effectiveness and reliability of methods used to retrieve fetal cardiac signals.
In the present study, the design specification parameters of the analysed filters were determined on the basis of the frequency content of ambient field noise recorded inside and outside shielded room, and in relation to fetal signals obtained from raw shielded fMCG datasets recorded at different gestational ages. Although the intensity of unshielded noise was, in general, one order of magnitude greater than that of magnetic noise inside a shielded room, the frequency content of those two signals was very similar; the only exceptions regarded some peaks above 70 Hz, which were present in the spectrum of unshielded noise and could be ascribed to instrumentation working in the neighborhood of the MCG system (figure 1). Those findings regarded noise measurements in shielded and unshielded environment performed independently on any fetal acquisition; by means of those recordings we could reliably characterize the ambient noise affecting fMCG recordings, because ambient noise is uncorrelated with fetal cardiac activity. Moreover, any band-pass filter aims to totally eliminate all frequencies excluded from the band, regardless of the PSD associated with them.
Therefore, a first important finding of the present study is that the same filter configuration can be used to reduce ambient noise in both shielded and unshielded settings, although lower low-pass cut-off frequencies would be preferable for unshielded recordings to ensure maximum reduction of high frequency noise components.
The performances of the selected band-pass combinations of high-pass and low-pass filters seemed equivalent from a qualitative point of view. This is also confirmed by the high values of fetal PSD obtained from filtered datasets of all gestational periods (see table 3 ). However, when the effect of those filters was quantitatively evaluated, some differences were found in detection rates, SNR and SDR of retrieved fetal traces. Clinically useful and useless filters can be distinguished using thresholds for SNR and SDR: we established that only those filters allowing the extraction of fetal signals with SNR greater than 5 dB and SDR greater than 30 dB could be considered helpful for a hospital setting.
As expected, the best de-noising was achieved with the narrowest band-pass filter (1.0-80 Hz), which, however, gave no guarantee on fetal signal wave form; conversely, the largest filter (0.4-150 Hz) preserved the original shape of fetal signals, but noise reduction was relatively small. On the other hand, both band-pass filters (1.0-100 Hz) and (2.0-100 Hz) provided, for all gestational ages, the best compromises between SNR and SDR, together with the best detection rates. In the light of preliminary results obtained by the authors with unshielded fMCG recordings (Brisinda et al 2005) , the outcomes of the present study suggest that the use of either one of those band-pass filters might improve ICA performances and might permit a lowering of the minimum gestational age for which reliable fetal signals can be retrieved from fMCG recorded in an unshielded hospital setting.
From the perspective of routine clinical application of fMCG, we think that the use of the filter (1.0-100 Hz) should be preferred because, in the case of arrhythmic fetuses, it would maintain important spectral components that might be found below 2 Hz, while ensuring negligible signal distortion. Although this suggestion is in agreement with the results obtained by Stinstra et al (2000) , we believe that the work presented here is more consistent because of several methodological differences: first, we evaluated the performances of the most common band-pass filters on 66 fMCG datasets spanning from the 22nd to the 37th week of gestation, and not just on a couple of fMCG datasets; second, we calculated the efficacy of filters quantifying SNR and SDR of reconstructed fetal traces, which were not estimated by mere visual inspection; third, the SNR and SDR were calculated for the entire time period of fetal signals, and not on averaged beats only; finally, we did not make any a-priori assumption on noise characteristics, but shielded and unshielded noise measurements, recorded independently on fetal acquisitions, were analysed.
Conclusions
To our knowledge, this is the first time that the performances of several high-pass, low-pass and band-pass filters have been evaluated quantitatively for a sufficient number of fetal signals along the gestation without making any assumption on noise characteristics, but analysing real ambient field recordings.
The results of our work demonstrate that filtering parameters have to be selected carefully to extract maximum information on fetal cardiac activity without significantly altering signal shape and structure, and that a unique filtering might be used because no substantial differences were found in the frequency content of shielded and unshielded noise.
The best overall performances were found for the band-pass filters (1.0-100 Hz) and (2.0-100 Hz); however, from the perspective of a wider and standardized clinical exploitation of fMCG, the filter (1.0-100 Hz) should be preferred to obtain maximum comparability of the extracted fetal traces, regardless of the processing technique employed to retrieve them, the MCG system used and the presence of a magnetic shielding.
